The concept of overall hydrological alteration degree in the traditional range of variability approach is no longer suitable for the requirements of the current changing environment. First, by introducing the analytic hierarchy process and including the concept of deviation in the range of variability approach, the traditional range of variability approach is improved. Second, by using the daily flow data from the Guide gauging station in the lower reaches of Longyangxia reservoir from 1954 to 2017 and by combining the concept of connection degree in set pair analysis, a more comprehensive overall hydrological alteration degree is obtained. Finally, based on the results of overall hydrological alteration degree in each period, a dynamic evaluation model of overall hydrological alteration degree is established based on a set pair analysis-Markov chain method. The results show that the overall hydrological alteration degree of the Longyangxia reservoir in the postimpact period is at the second level; its average is À0.43, but its identity tends to increase. Furthermore, the dynamic evaluation model shows that the overall hydrological alteration degree of its stable state will be 0.1726, its impact flow changes and its stable state will be at the third level. This is a positive developing trend.
INTRODUCTION
in the traditional RVA method, there is a simple threelevel evaluation system that uses a simple average weight for each indicator. This does not accurately reflect flow changes because it fails to fully weigh the degree of influence of each indicator. Furthermore, current research on hydrological regime changes using the RVA method has not considered the temporal uncertainty of hydrological information (Kumar & Sen ) . As hydrological time series lengthen, studies of changes in flow during preimpact and postimpact periods must consider the uncertainty and dynamics of hydrological data in a changing environment. The analytic hierarchy process (AHP) method is commonly applied to solve the hierarchically structured and complex evaluation and decision problems of hydrology and water resources (Wang et al. ) . By introducing the concept of deviation from the RVA method into the AHP method, the mutual influence of different hydrological indicators can be determined more effectively and the estimation of the OHAD made more reliable and reasonable.
The characteristics of hydrological events become more uncertain in a changing environment, and this will lead to greater uncertainty. After dam construction, consequently altered hydrological indicators will have unpredictable influences on the OHAD. In 1989, the Chinese scholar Zhao (, ) proposed the set pair analysis (SPA) method to explain the uncertainty between two variables with the identity, discrepancy, and contrary. SPA is widely used and was developed in the field of hydrology, and it makes hydrological studies more objective and effective (Gang et al. ; Shu et al. ) . 
MATHEMATICAL METHODS

Outline of the mathematical methods
The dynamic evaluation model of the overall hydrological alteration degree includes the following steps: (1) data series are collected and prepared to be analyzed; (2) the RVA method is applied to show the hydrological alteration degree; (3) using the AHP method, the objective weighting indicators system is established and using the SPA method, the uncertain relations (including the identity, the discrepancy and the contrary) of OHAD are exhibited; and (4) with the SPA-MC method, the dynamic evaluation model of OHAD is shown. Figure 1 shows the outline of the mathematical methods. classes: identity characteristics, discrepancy characteristics, and contrary characteristics. Thus, the connection degree of the set pair (A, B) can be expressed as:
where μ AB is the connection degree, O is the number of identity characteristics, P is the number of discrepancy characteristics, Q is the number of contrary characteristics, and N is the total number of characteristics.
Suppose a ¼ O=N is the identity degree, b ¼ P=N is the discrepancy degree, and c ¼ Q=N is the contrary degree; then, Equation (2) is written as:
where a þ b þ c ¼ 1 and a, b, c ∈ (0, 1), i ∈ [À1, 1] is the coefficient of discrepancy, and j is specified as À1.
MC
Denote {C(n), n ! 0} as an integrated random stochastic process in the probability space E; if for any m ! 1 at time
the corresponding values C(t 1 ), C(t 2 ), Á Á Á , C(t n ) satisfy the following requirement:
{C(n), n ! 0} is called the MC. The MC explores the observation that the value of {C(n), n ! 0} at time t m is only related to the value at time t mÀ1 and has no relation to the observation value of earlier times. P(C(t m )jC(t mÀ1 )j)
is the conditional probability, also called the state transition probability.
DYNAMIC EVALUATION MODEL OF THE OHAD Evaluation indicator system and indicator weight
The evaluation indicator system of the OHAD is defined by five groups of hydrological parameters and 32 secondary IHA indicators in the RVA method (as shown in Table 1 ). The AHP method is commonly used to obtain the weights of indicators by constructing a judgment matrix. In this study, the assumed weight of each indicator in the AHP method is improved by the introduction of the concept of deviation in the RVA method. The first step is to calculate the deviation of the i-th IHA in the preimpact and postimpact periods as follows:
where P i is the deviation of the i-th IHA, I preÀi is the i-th IHA in the preimpact period, and I postÀi is the i-th IHA in the postimpact period.
The second step is to sum the deviations N i (i ¼ 1, 2, Á Á Á , 32) of the 32 indicators in the RVA method to obtain the comprehensive deviation P c . The relative importance of each indicator is:
Using the actual calculated N i and the classification of each indicator on the judgment matrix 1-9 scale range, as determined by experts, the weights of the secondary indicators are finally achieved.
Determination of OHAD
Combined with the SPA method, the OHAD of the hydrological streamflow can be determined. Suppose that the indicator system is set A and indicator change degree is set B. The indicator system and indicator alteration degree can form a set pair for OHAD evaluation; then, the indicator weights are introduced into the SPA method.
Assuming that at time t, within the total of 32 hydrological indicators, H t indicators have a high change degree, M t indicators have a moderate change degree, L t indicators have a low change degree, and, all together, the indicators satisfy
Thus, the connection degree of set A and set B can be expressed as:
where ω k (t) is the weight of the secondary indicators in different states, [P 11 , P 12 ,
where
Similarly, the state transition probability matrix of M t IHA indicators with moderate alteration in the time
[P 21 , P 22 ,
where 
Thus, the state transition probability matrix of the 32 IHA indicators in the time interval [t, t þ Δt] is constructed:
Establishment of dynamic evaluation model
Combining SPA with the MC, the dynamic evaluation model of SPA-MC is established. According to the traversal properties of the MC, it is known that the model will eventually become stable after nΔt times; thus, the connection degree (â,b,ĉ) at the stable state can be described as:
whereâ,b,ĉ > 0, E is the identity matrix, and P is the average state transition probability matrix.
By solving this equation, the steady-state value of the overall hydrological alteration degree can be obtained as follows:
where i ¼ 0, j ¼ À1, andμ AB is the overall hydrological alteration degree.
Study area and data
The Longyangxia reservoir is located on the main stream of and the postimpact period .
RESULTS AND DISCUSSION
Weights of the 32 IHA indicators
According to the adjustment matrix, the weights of the 32 IHA indicators at the Guide gauging station are shown in Table 2 .
It can be seen from Table 2 that after the beginning of reservoir operation, the deviations in the mean monthly flows in January, February, and March, as well as the low pulse count, high pulse count, rise rate, and fall rate, have been larger. Except for the mean monthly flows of May and November, which are 1-day maximum flows, the deviations are generally greater. Therefore, just estimating from the deviations, it can be roughly seen that the hydrological flow of the postimpact period is in a state of high alteration.
Hydrological alteration of the 32 IHA indicators
The postimpact period is divided into six periods : 1988-1992, 1993-1997, 1998-2002, 2003-2007, 2008-2012, and 2013-2017 . According to the RHA method, the hydrological alteration of the 32 IHAs in these six periods can be calculated as shown in Figure 3 . Number 3 represents high HAD, number 2 represents moderate HAD, and number 1 represents low HAD. Table 2 are used to define A, the HA in Figure 3 defines B, and the connection degree of pair (A, B) is then calculated, the OHAD of the hydrological flow is determined as shown in Table 3 .
Analyzing the trend characteristics of a and c (as shown in Figure 4) , these trends will increase μ and improve the OHAD.
Predictions of the dynamic evaluation model
According to Equations (8) , (9), and (10), the state transition probability matrix through the six periods during the postimpact period is as follows: 1988-1992 1993-1997 1998-2002 2003-2007 2008-2012 2013- Assuming that the state transition probability matrix P remains unchanged, the connection degree of its stable state (â,b,ĉ) after a certain time can be written as: Except for during the period of annual maximum flow, the reservoir has a strong impact on riverine flow conditions, especially for the IHA indicators in group 1 and group 2; thus, operation of the reservoir can worsen the original river habitat to some extent, and future operations should pay more attention to the hydrological parameters in these two groups to achieve greater ecological benefits. contrary has always been greater than the identity in the past six periods. The contrary and the identity have a favorable trend in the mid and late periods.
(3) Riverine flow changes caused by the Longyangxia reservoir show a good development trend, and the connection degree of its stable state is 0.1276, and the OHAD of its stable state is at third level.
